Higher plant nuclear sequences reveal avoidance of CpG and TpA doublets. Chloroplast sequences avoid the TpA doublet in all codon positions. The chloroplast genome is not methylated but codon positions 11-111 and untranslated regions avoid CpG.
INTRODUCTION
Uncertainty continues over the reasons for the rarity of the CpG dinucleotide in DNA (1-6), obscuring the relationship of this aspect of molecular evolution to the frequencies of other dinucleotides, codon usage, genomic base composition, variable G+C content along sequences, and runs of one kind of base (7) (8) (9) (10) (11) (12) (13) (14) (15) .
In addition, the TpA doublet is even nore generally rare than is CpG, although TpA avoidance is often less intense (9) (10) (11) . Recognizing the frequent neglect of plant system sequences in studies of molecular evolution, we have decided to analyze those published for CpG and TpA occurrences in order to gain a better perspective on the avoidance of these doublets. CpG and TpA are the most generally avoided of the 16 doublets in double-stranded DNA genomes (9) . CpG is not avoided in prokaryotes but TpA is rare in both prokaryotes and eukaryotes, while in vertebrate mitochondria it is not avoided at all (6, 9, 14, 15) .
Unfortunately insufficient sequences from postulated mitochondrial ancestors are available to see whether they avoid TpA. To rationalize these observations, two hypotheses have been advanced: methylation of CpG followed by deamination mutation to produce TpG (1, 2) , and absence of stop codons TAA and TAG, removing TpA from codon position I-11 except for coding tyrosine. mCpG is therefore replaced by TpG, and CpA on the complementary i IRL Press Limited, Oxford, England. where the base number in each category appears in parenthesis Table 1 gives the complete list of sequences studied with species, and category of protein.
Methods
The method generally used to study dinucleotide frequencies is the ratio between observed and theoretical (expected) values calculated from base composition (4, 9, 14, 15, 20) .
In non-coding regions we count S, the number of occurences of each dinucleotide. Then we do all possible base permutations, conserving the base composition of the sequence, and then calculate the mean E(S) and the variance V(S) of the distribution of S. In this case the formulas of Next Z, the number of occurences of a dinucleotide in a particular codon position in the studied sequence, or in the reference set, is computed. The reference set is all possible sequences having the same base content in each codon position as the real sequence. We then calculate the mean E(Z) and variance V(Z) of the distribution of Z and the expression:
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This variable approximates a normal law. So the absolute value of this index must be compared to 1.96 or 2.57, which represent the 5% and 1% probability level, respectively. For a group of sequences, we cumulate as follows:
Zi -E(Zi) where N is the number of sequences, and
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' Zi the number of occurences in the ith sequence.
This measure express the degree of certainty that a doublet is avoided in a group (workfile) of sequences. Therefore, to evalue the average intensity of the avoidance or preference of a doublet in a workfile, we will use the mean value i.e. the mean of normalized frequencies for the sequences in a workfile (6) . This value can be used to compare doublet usage between different workfiles (when sequence lengths are similar).
RESULTS
CpG avoidance and the methylation problem In chloroplasts, CpG is statistically favored in position I-11; in this position CpG corresponds to arginine codons CGN (N=A,C,G or U). Low
CpG frequency in this position indicates either rarity of arginine or preference for its codons AGR (R= A ou G). In fact, the chloroplast sample is richer in arginine than is the nuclear one (7.6% and 3.8% respectively)
and theoretical values for AGR and CGN are approximately respected in chloroplasts. In nuclear genes, nearly 47% of Arg residues are coded by AGR codons, the expected amount is 33.3% (2/6 for AGR and 4/6 for CGN codons). This abnormal high frequency of CpG in the third codon position Table 1 for names of sequences analyzed.
can be explained by amino acid composition and codon usage (8) . In our chloroplast sequence sample 76% of the overall C+G content is in the first and second position of codons. In chloroplasts, CpG is avoided in position 11-111 (Table 2 ). In mitochondria we observe CpG avoidance in all positions, correlated with high usage of CpA doublets. Comparison of the mean values in each workfile reveals a higher avoidance of CpG in plant nuclear sequences than in those of chloroplasts. These results help us to better understand dinucleotide frequencies, but cannot resolve the problem of TpA and CpG rarity in non-coding sequences. As shown in table 3, both dinucleotides are strongly avoided in untranslated regions of plant nuclear and chloroplast sequences.
DISCUSSION
This study has revealed that difficult problems remain in rationalizing dinucleotide frequencies in the plant system. Plant nuclear DNA, like that in vertebrates, is methylated and mainly on cytosine residues in CpG doublets (26) . This methylation is accepted as producing mutationally unstable mCpG, which deaminates to TpG, resulting in a negative correlation between CpG and TpG (or CpA) frequencies, in plant nuclear sequences. Our results reveal that avoidance of CpG, though less strong, exists in unmethylated sequences of chloroplasts and mitochondria.
It seems, then, that other factors are involved, particularly in the CpG suppression seen in organelles.
As seen above, TpA ha-; a curious pattern of avoidance in most species, being as rare in plant nuclear genes as is CpG; this is observed in all codon positions and in rRNA and intron sequences. The same is true of chloroplast untranslated regions.
We find that coding strategy and amino acid composition influence dinucleotide frequencies. However, we note that these two doublets correspond to the highest and lowest values of free energy of helix disruption according to Breslauer et al. (27) ; This energy being only 0.9 kcal/mol for TpA and 3.6 kcal/mol for CpG, while the other 14 doublets all fall between 1.3 and 3.1 kcal/mol. High frequencies of these two doublets could be disadvantageous for the stability of DNA and their avoidance could represent a mechanism for thermodynamically optimizing sequences.
